Two in vitro transcripts, one corresponding to the 5 and central domains (residues 1-920) of 16S rRNA and the other corresponding to its 3 domain (residues 922-1542), assemble efficiently in trans with 30S ribosomal proteins to form a compact ribonucleoprotein particle that cosediments with natural 30S subunits. Isolated particles are similar in appearance to natural 30S subunits with electron microscopy and contain a full complement of the small subunit ribosomal proteins. The particles have a reduced ability to bind tRNA (attributable to the location of the discontinuity in a conserved region of the rRNA) near features that have been implicated in tRNA binding. Association of these two halves of 16S rRNA in trans must be stabilized by either previously unidentified RNA-RNA contacts or interactions mediated by ribosomal proteins because there are no known direct interactions between them. The trans construct was used to probe the three-dimensional RNA neighborhood around position 922 of 16S rRNA by generating hydroxyl radicals from Fe(II) tethered to the 5 end of the 3 transcript. Hydroxyl radical-induced cuts in the 16S rRNA chain were localized by primer extension to nucleotides 923-929 and 1192-1198, providing evidence for the mutual proximity of the 920 and 1192 regions.
In the absence of a high-resolution crystal structure, our understanding of ribosome structure has relied on a variety of alternative approaches. One approach is based on interpretation of electron microscopic images (1-3) including the enhanced resolution of the more recent cryoelectron microscopy reconstruction studies (4, 5) . A link between electronmicroscopy morphology and molecular structure has been sought through model building (6) (7) (8) [based on the phylogenetically determined secondary structure of 16S rRNA (9) and the neutron-diffraction map for the positions of the ribosomal proteins (10)] using cross-linking and footprinting data (11) (12) (13) to constrain the folding of the rRNA. An important feature of the latter approach is that it has the potential to relate individual rRNA nucleotide positions to specific structural features of the ribosome. Although models for the 30S ribosomal subunit show a significant level of agreement, there are many discrepancies that can be ascribed to a lack of sufficient experimental constraints.
To this end, we have developed the use of site-directed hydroxyl radical probing of rRNA by using Fe(II) tethered to unique positions on individual ribosomal proteins (14, 15) via the reagent 1-(p-bromoacetamidobenzyl)-EDTA (BABE; ref. 15) . Hydroxyl radicals attack the ribose moiety, resulting in cleavage of the RNA chain (17, 18) . Because of the limited range of hydroxyl radicals, the positions of cleavage of the RNA provide information about the three-dimensional rRNA environment around the tethered Fe(II) probe. More recently, this approach has been extended to permit tethering to in vitro transcripts of tRNA and tRNA analogs via linkage to a 5Ј-phosphorothioate (19, 20) .
In the experiments described here, this method has been adapted to allow probing from internal positions of the large rRNAs. First, we show that 30S ribosomal subunits can be reconstituted in vitro from two separate fragments of 16S rRNA prepared by in vitro transcription. These fragments comprise the 5Ј and central domains (nucleotides 1-920) and the 3Ј major and minor domains (nucleotides 922-1542), respectively. Particles were constructed previously from natural 16S rRNA containing a break in this region, generated by site-specific RNase H cleavage by Bogdanov and coworkers (21) . Because there are no known direct interactions between these two halves of 16S rRNA, their association in trans must be stabilized either by previously unidentified RNA-RNA contacts or by interactions mediated by ribosomal proteins. These results support the idea that the structure of the 30S subunit is built from independently assembling domains. We used this 30S construct to probe the RNA environment around position 922 in the reconstituted 30S subunits by using Fe(II) tethered to the 5Ј end of the 3Ј fragment of 16S rRNA. The results of this study place two well-characterized functional sites, centered around positions 926 and 1192, respectively, in proximity to each other.
MATERIALS AND METHODS
Plasmid Construction. A plasmid (pUC5Ј͞C) encoding the 5Ј and central domains of 16S rRNA (5Ј-central) was generated by using PCR cloning (22) from plasmid pBS16S.RS (23) with the following oligonucleotide primers: primer I (sequence for the T7 promoter in bold), 5Ј-GCTCTCTAGATAATAC-GACTCACTATAGGGAAATTGAAGAG-3Ј and primer II, 5Ј-GATGGCATGCGATTCATTTGAGTTTTAACCTTG-CGG-3Ј. The amplified DNA was digested with XbaI and SphI and cloned into pUC18 digested with the same enzymes to generate plasmid pUC5Ј͞C. A plasmid (pUC3ЈD) encoding the 3Ј domain of 16S rRNA (3Ј domain) was generated similar manner by using another set of oligonucleotide primers, primer III (T7 promoter in bold), 5Ј-GCTCTCTAGATAATA-CGACTCACTATAGACGGGGGCCCGC-3Ј and primer IV, 5Ј-GATCGCATGCCCTAAGGAGGTGATCCAACCG-3Ј. The amplified DNA was digested with the same enzymes mentioned above and cloned into pUC18 to generate plasmid pUC3ЈD. The resulting plasmids were checked by using dideoxy sequence analysis (24) .
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. In Vitro Transcription. Plasmids pUC5Ј͞C and pUC3ЈD were linearized with TfiI and Bsu36I, respectively, and used for in vitro transcription (25, 26) . The resulting transcripts, 5Ј-central and 3Ј-domain, respectively, were extracted at 4°C twice with phenol and twice with chloroform and recovered by ethanol precipitation. The RNA was further purified on a Pharmacia Sephadex G-50 column.
Reconstitution and Characterization of Ribonucleoprotein Particles. In vitro reconstitution of 30S particles from natural or in vitro-transcribed 16S rRNA was performed as described (23, 27) . Reconstitution of trans 30S (t30S) particles from an equimolar mixture of 5Ј-central and 3Ј-domain RNA (0.4 M final concentration) was performed under the same conditions except that a MgCl 2 concentration of 30 mM was required in the reconstitution buffer to obtain optimum yields. Reconstitution volumes varied between 0.25 and 1 ml. Resulting particles were purified by sucrose-gradient centrifugation and concentrated by using centrifugation through Microcon filters (Amicon) essentially as described (23) . RNA was extracted with phenol and chloroform and analyzed by using 4% denaturing PAGE.
Subunits reconstituted from natural 16S rRNA or from 5Ј-central and 3Ј-domain RNA were assayed for tRNA-binding activity by using [ 32 P]pCp-labeled tRNA Phe (28) . Briefly, 2.5 pmol (0.25 M final concentration) of 30S subunits, reconstituted 30S subunits, or t30S subunits were activated by incubation at 42°C for 30 min in binding buffer (80 mM potassium cacodylate, pH 7.5͞30 mM MgCl 2 ͞100 mM NH 4 Cl) and then incubated at 37°C for 30 min. Next, trace amounts of [ 32 P]pCplabeled tRNA Phe (specific activity ϭ 49,000 cpm͞pmol) were diluted with 2.5 pmol of cold tRNA Phe (0.25 M final concentration) and added to the ribosome mix, and the incubation was continued at 37°C for 30 min. The reaction mixtures were diluted in 500 l of binding buffer and spotted on filter paper. The filters were washed with 3 ml of binding buffer, dried, and counted.
For protein analysis, sucrose gradient-purified t30S subunits or 30S subunits (75 g) reconstituted from in vitro-transcribed 16S rRNA (23) were recovered by ethanol precipitation and resuspended in 10 l of water. Proteins were extracted from these particles with acetic acid as described (29) and analyzed by two-dimensional gel electrophoresis (30) .
Derivatization with Fe(II)-1-(p-bromoacetamidobenzyl)-EDTA (Fe(II)-BABE).
For 5Ј-derivatization with BABE, a 5Ј-phosphorothioate was introduced at the 5Ј terminus of 3Ј-domain RNA by in vitro transcription in the presence of a 5-fold molar excess of 5Ј-guanosine-␣-phosphorothioate (GMPS) over each dNTP, as described (19) .
BABE modification of 5Ј-GMPS-3Ј-domain RNA was performed essentially as described (18) . Briefly, 240 g of 5Ј-GMPS-3Ј-domain RNA (11.8 M final concentration) was incubated with preloaded Fe(II)-BABE (3 mM final concentration) in potassium phosphate buffer (pH 8.5; 40 mM final concentration) for 60 min at 37°C. The reaction was stopped by extracting twice with phenol to remove excess unreacted Fe-BABE followed by chloroform extraction and ethanol precipitation to recover 5Ј-Fe(II)-BABE-3Ј-domain RNA. The RNA was used in in vitro reconstitution experiments as described above.
Hydroxyl Radical Probing of Fe(II)-Tethered 30S Particles. Hydroxyl radical formation was initiated by addition of ascorbate (6.3 mM final concentration) and hydrogen peroxide (0.06% final concentration) to 0.3 M isolated t30S particles in 80 mM potassium cacodylate (pH 7.2), 20 mM magnesium acetate, and 150 mM ammonium chloride (final reaction volume 100 l) followed by incubation for 10 min at room temperature. In control experiments, the particles were treated identically except for the omission of ascorbate and hydrogen peroxide. Reactions were stopped by addition of 600 l of cold 100% ethanol and 3 M sodium acetate (0.3 M final concentration) and quick-freezing in dry ice͞ethanol bath. Extraction of rRNA and localization of cleavage sites by using primer extension was performed as described (31) .
RESULTS
Reconstitution of 30S Subunits from Two Synthetic Fragments of 16S rRNA. In vitro transcripts corresponding to the 5Ј and central domains (nucleotides 1-920) and the 3Ј major and minor domains (nucleotides 922-1,542) of 16S rRNA were reconstituted with total 30S ribosomal proteins, and the resulting particles were isolated by sucrose-gradient centrifugation (Fig. 1) . RNA was extracted from each of the three peaks and analyzed on a 4% denaturing polyacrylamide gel (Fig. 2 , and data not shown). The fastest sedimenting major peak (Fig.  1, peak 3 ) cosedimented with 32 P-labeled native 30S subunits and contained equimolar amounts of both 5Ј-central and 3Ј-domain RNAs (Fig. 2) . We refer to these particles as trans 30S (t30S) particles. Peak 2 (Fig. 1 ) also contained both transcripts (data not shown) and most likely corresponds to partially assembled or unfolded 30S-like particles. Peak 1 (Fig.  1 )consisted of particles containing solely 3Ј-domain rRNA (data not shown) and are likely to correspond to the previously described head particles (23) . The overall yield of reconstituted t30S subunits was about 20% of input rRNA.
The protein composition of sucrose gradient-purified t30S subunits or subunits that were reconstituted from in vitro transcribed 16S rRNA was analyzed by two-dimensional gel electrophoresis (Fig. 3) . A full complement of the smallsubunit proteins is present in t30S particles (Fig. 3B ) except for S1, which was absent in the total 30S ribosomal protein mixture used for reconstitution.
Isolated t30S particles were visualized by electron microscopy using double-carbon film negative-stain preparations (32) . t30S particles (Fig. 4B ) appear similar in their gross morphology to natural 30S subunits (Fig. 4A) . Distinctive features of natural 30S subunits (the platform, head, and body) are clearly evident. In addition, a smaller number of amorphous particles are observed.
The ability of purified t30S subunits to bind tRNA Phe was assayed by using filter binding. The activity of these particles was severely reduced compared with that of 30S particles reconstituted in parallel experiments using natural 16S rRNA (Table 1) . This reduction may be caused by the proximity of the FIG. 1. Sucrose-gradient sedimentation of in vitro-transcribed t30S subunits. Complexes were loaded on 10-ml 10-40% sucrose gradients in 20 mM Hepes (pH 7.5), 100 mM NH4Cl, 30 mM MgCl2, and 6 mM B-mercaptoethanol, centrifuged for 13 hr in a Beckman SW41 rotor at 35,000 rpm at 4°and scanned with an ISCO density gradient fractionator (Model 183). Complexes were monitored by A260 (s). A trace amount of [ 32 P]pCp-labeled 30S subunits, used as marker, was monitored by Cerenkov counting (E). (33, 34) and͞or to perturbation of higherorder structure near the break in the 16S rRNA backbone. Site-Directed Probing of t30S Particles. For site-directed hydroxyl radical probing, t30S particles were reconstituted by using a 3Ј transcript derivatized at its 5Ј end (position 922) with Fe(II)-BABE (15) via a 5Ј-phosphorothioate (19) . Hydroxyl radical formation was initiated by addition of H 2 O 2 and ascorbate, and the sites of cleavage of the 16S rRNA backbone were localized by primer extension using a set of DNA oligonucleotide primers (31) . Two specific regions of cleavage were identified (Fig. 5) . One region encompasses nucleotides 923-929 and is proximal to the site of attachment of the Fe(II) probe. The second set of cleavages includes positions 1192-1198 in the 3Ј-major domain. Both sets of cleavages depended on the presence of tethered Fe(II) and addition of ascorbate and H 2 O 2 (Fig. 5 , compare lanes 1 to 3 and 2 to 4). Some weak cleavage at positions 923-929 also was detected in the control samples in which no ascorbate and H 2 O 2 were added (Fig. 5A,  lane 2) . A possible explanation for these cleavages is the presence of molecular oxygen and reducing agents in the reconstitution and primer-extension buffers, which could favor generation of hydroxyl radicals leading to self-cleavage of the derivatized RNA.
DISCUSSION
Small ribosomal subunits previously have been reconstituted from fragmented natural 16S rRNA generated by oligonucleotide-directed RNase H cleavage (21) . One of the several cleavages that were tested was directed toward the 912-926 region of 16S rRNA-near the position of the interruption in the RNA chain described here. The 16S rRNA fragmented at this particular site was able to assemble efficiently with ribosomal proteins into a 30S subunit that retained the ability to associate with 50S subunits and translate poly(U) and natural mRNA, albeit with reduced efficiency. In contrast to the present study, the two pieces of rRNA that resulted from cleavage at position 920 were not separated before reconstitution but were copurified, possibly preserving intermolecular interactions.
In this paper we show that it is possible to reconstitute a 30S subunit-like particle in trans from two independently transcribed fragments of 16S rRNA. The reconstituted trans subunits cosediment with natural 30S subunits, have a similar ribosomal protein composition to their natural counterparts, and are similar in appearance to natural 30S subunits via electron microscopy. Their ability to bind tRNA Phe is severely reduced compared with subunits reconstituted from natural 16S rRNA, possibly because of the break in the rRNA chain close to features critical for tRNA binding. The 10-to 12-fold higher activity of the particles obtained by Bogdanov and coworkers (21) from fragmented natural 16S rRNA could be the result of possible preservation of intermolecular interactions in their protocol or to the generally higher activity observed for particles reconstituted from natural 16S rRNA (35) . Association of the 5Ј-central and 3Ј-domain rRNAs in trans must be stabilized by previously unidentified RNA-RNA contacts (21) or by interactions mediated by ribosomal proteins, because there are no known direct secondary-structure interactions between them. We have previously demonstrated that the isolated 3Ј domain of 16S rRNA is capable of assembling into a compact, globular ribonucleoprotein particle that closely resembles the head of the 30S ribosomal subunit (23) . In addition to containing a full complement of the small-subunit proteins that are known to bind to the 3Ј-domain of 16S rRNA, these particles also contained significant amounts of S4, a protein not known to interact with the 3Ј-domain. This finding hints at the possibility that the two fragments of 16S rRNA (or the independently assembled domains) in the t30S particles may be held together by protein-RNA or protein-protein interactions. Furthermore, studies with scanning transmission electron microscopy (36) have shown that in vitro assembly of 30S subunits proceeds through the formation of three independent domains that later converge and presumably interact via protein-protein contacts to form the final 30S subunit. Such a domain organization could facilitate the folding of a large ribonucleoprotein particle such as the 30S subunit.
We exploited the discontinuity at position 922 in the 16S rRNA chain for site-specific probing of the RNA neighborhood surrounding this position in the t30S particles. This was achieved by covalently tethering an Fe(II)-EDTA probe to the 5Ј end of the 3Ј-domain transcript via a 5Ј-phosphorothioate at G922. Hydroxyl radicals generated from the Fe(II) probe at this position cleaved the 16S rRNA backbone in the 923-929 and 1192-1198 regions (Figs. 5 and 6 ). These findings place these two regions, which are distant from each other in the secondary structure of 16S rRNA, in proximity to each other in the 30S subunit. On the basis of the observed cleavage intensities and previous distance-calibration experiments (20), we estimate that positions 922 and 1196 lie within Ϸ30 Ϯ10 Å of each other. This is consistent with previous results in which hydroxyl radicals generated from Fe(II) tethered to position 21 of ribosomal protein S5 resulted in cleavage of the 16S rRNA backbone at residues 921-925 and 1191-1197 (15) . Both regions have been implicated in ribosomal function. PeptidyltRNA protects G926 from kethoxal attack (33) , and the antibiotic streptomycin protects bases around position 915 (37) . Mutations at residue C1192 confer resistance to the antibiotic spectinomycin (38) , and spectinomycin protects N7 of G1,064, the Watson-Crick partner of C1192, from modification by dimethyl sulfate (37) . Thus, the G1064-C1192 base pair is strongly implicated in spectinomycin binding and is likely part of the antibiotic binding site. Spectinomycin is believed to inhibit protein synthesis by blocking the EF-Gdependent translocation of tRNA (39) . Our results raise the possibility that the effects of spectinomycin may in some way involve interactions between the 926 and 1192 regions of 16S rRNA. Binding of the drug, for example, could interfere with the relative movement of these two regions of 16S rRNA.
By using this same approach to tether Fe(II) to other positions of the 16S rRNA chain, additional distance constraints can be obtained for use in constraining the folding of the RNA in structural models of the 30S subunit (40) . Recently, a similar strategy has been used to incorporate a cross-linking reagent at internal breaks in 16S (41) and 23S rRNA (42) to obtain distance constraints for modeling the rRNAs. Finally, the system described here provides a possible approach to the identification of the molecular interactions involved in domain-domain contacts. For example, by omitting single proteins from the reconstitution of the trans particles, it should be possible to identify those proteins that are required to establish interdomain interactions. 
